The fibroblast is the most abundant cell type in normal connective tissues and plays a central role in the synthesis, degradation, and remodeling of extracellular matrix (ECM). 5 Consequently, increased activity and proliferation of resident fibroblasts are central to fibrosis in all tissues. Through their ability to modulate the expression of ECM components and ECM-degrading enzymes, cytokines, growth factors, hormones, neuropeptides, and environmental factors, such as ultraviolet light, fibroblasts orchestrate the balance between ECM destruction and neosynthesis (1) (2) (3) (4) . Disruption of the fragile equilibrium between anabolic and catabolic mediators may lead to excessive ECM deposition, the hallmark of fibrotic disorders such as liver cirrhosis, renal sclerosis, systemic sclerosis, and keloids. Among the mediators that influence ECM composition, transforming growth factor-␤ (TGF-␤) turned out to be a crucial regulator of ECM neosynthesis, as it controls both the expression of components of the ECM network such as the fibrillar collagens and fibronectin, the expression of protease inhibitors, including plasminogen activator inhibitor-1 (PAI-1) or tissue inhibitor of metalloproteinases (5) . These combined anabolic and anti-catabolic effects make TGF-␤ a key growth factor in the development of tissue fibrosis (6) .
Cellular signaling from the TGF-␤ family of growth factors (e.g. activins, bone morphogenic proteins, and the TGF-␤) is initiated by binding of the ligands to transmembrane receptor serine/threonine kinases, T␤RI and T␤RII. Following receptor activation, signaling from the cell surface to the nucleus occurs predominantly by phosphorylation of cytoplasmic mediators of the Smad family (7, 8) . Briefly, the receptor-associated Smads (R-Smads), such as Smad1, Smad2, Smad3, and Smad5, interact directly with, and are phosphorylated by, activated type I receptors of the TGF-␤ superfamily. Activation of R-Smads is ligandspecific, but each of them forms, upon phosphorylation, heteromeric complexes with Smad4, which functions as a common mediator for all receptor-activated Smads. R-Smad-Smad4 complexes are then translocated into the nucleus where they function as transcription factors, directly or in association with other DNA binding factors. Finally, inhibitory Smads, such as Smad6 or Smad7, interfere with TGF-␤ signaling by preventing R-Smad phosphorylation and subsequent nuclear translocation of R-Smad-Smad4 complexes (7, 8) .
Several ECM-related genes have been identified as Smad targets, the only downstream substrates of T␤RI known so far, including those encoding fibrillar collagens and TIMP1 (9) , PAI-1 (10), connective tissue growth factor (CTGF) (11) , and ␤5-integrin (12) .
One signal transduction mediator that may interfere with TGF-␤-initiated functions is cAMP. It transmits signals from a variety of hormones acting at the cell surface via guanine nucleotide-binding (G)-protein-coupled receptors to activate cAMP-dependent protein kinase A (PKA) (13) . The balance between adenylate cyclase and cyclic nucleotide phosphodiesterase activities determines intracellular cAMP levels. In the basal state, PKA resides in the cytoplasm. cAMP induction liberates the catalytic subunits of PKA that then diffuse into the nucleus where they phosphorylate transcription factors, such as cAMP-response element-binding protein (CREB) (14) . PKA phosphorylates CREB at serine 133, thereby allowing its association with the transcriptional co-activators CBP and p300 (15, 16) . CREB transactivates cAMP-responsive genes by binding as a dimer to a conserved, 8-bp, palindromic cAMP-response element (CRE), TGACGTCA. Over 100 genes with functional CREs have been identified thus far (17) .
It is reasonable to hypothesize that a better understanding of the mechanisms of TGF-␤-mediated up-regulation of ECM gene expression in fibrotic tissue will provide novel approaches to the therapy of these diseases. Accordingly, deciphering of the mechanisms by which pro-inflammatory cytokines, hormones, and neuropeptides are able to interfere with the TGF-␤-induced Smad signaling is of great importance.
In this study, we therefore focused on the effects of increased cAMP levels on key functions of dermal fibroblasts. We demonstrate an important role of cAMP in TGF-␤-mediated expression of several ECM components and TGF-␤-mediated effects such as wound closure and contraction.
EXPERIMENTAL PROCEDURES
Cell Culture and Biochemical Reagents-Human dermal fibroblasts (HDF) from neonatal foreskin were purchased from Cell Systems, St. Katharinen, Germany. The immortalized NIH3T3 fibroblast cell line derived from mouse embryos was a kind gift from Dr. Erwin F. Wagner (Institute for Molecular Pathology, Vienna, Austria). All fibroblasts were grown in Dulbecco's modified Eagle's medium supplemented with 10% heatinactivated fetal calf serum (FCS), 2 mM glutamine, and antibiotics (100 units/ml penicillin, 50 mg/ml streptomycin-G, and 0.25 mg/ml Fungizone TM ) in a humidified atmosphere of 5% CO 2 . Human recombinant TGF-␤ 1 , purchased from R&D Systems, Inc. (Minneapolis, MN), referred to as TGF-␤ throughout the text, was used at a concentration of 10 ng/ml. Forskolin and dibutyryl-cAMP (Bt 2 cAMP) were purchased from Sigma.
Plasmid Constructs-pCRE-luc (Mercury TM pathway luciferase system, Clontech) was used to determine CRE-driven transcription. The N-terminally FLAG-tagged Smad3 expression vector, a gift from A. Atfi, Paris, France, has been described previously (18) . (CAGA) 9 -luc, consisting of nine tandem repeats of the motif CAGA-binding Smad3 and Smad4, was used as a Smad3/Smad4-specific reporter (10) . To measure prototypic TGF-␤ responses in the context of natural promoter sequences identified as Smad3 targets, we used p800-luc (a gift from D. J. Loskutoff, Scribbs Research Institute, San Diego), which contains 800 bp of human PAI-1 promoter (10, 19) cloned upstream of the luciferase gene. The G5E1b-luc plasmid containing five GAL4-binding sites driving the expression of luciferase, the Gal4-Smad3 and VP16-CBP fusion protein expression vectors, VP16 empty vector, and p300 expression vector have been described before (20 -22) .
Transient Cell Transfections and Reporter Assays-For reporter assays, cells were seeded in 6-or 12-well plates and transfected at ϳ60 -70% confluency with a liposome-based protocol (FuGENE TM , Roche Diagnostics, or JetPEI TM , Polyplus transfection, Illkirch, France). The total plasmid concentration was kept constant, and when needed, vector DNA was added. 0.2 l of pRSV-␤-galactosidase or 0.080 g of pRL TK-luc (Fig. 4 ) was co-transfected in every experiment to monitor transfection efficiencies. Following incubation, cells were rinsed twice with phosphate-buffered saline, harvested by scraping, and lysed in commercial reporter lysis buffers (Promega Corp., Madison, WI). Luciferase and ␤-galactosidase activity were measured using corresponding assay kits (Promega, Madison, WI, and Roche Diagnostics, respectively).
Quantitative Real Time PCR-Total RNA was isolated from HDF using a commercial purification kit (Promega, Madison, WI). After DNA digestion, cDNA synthesis was done with oligo(dT) primers and RevertAid TM M-MuLV reverse transcriptase (Fermentas Life Sciences, Hanover, MD) according to the manufacturer's instructions. Quantitative real time PCR was performed in a total volume of 10 l with SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) and a 200 nM concentration of each primer. Primers were designed with the computer program Primer Express (Applied Biosystems), using parameters recommended by the manufacturer. Primer sequences were as follows: PAI-1 (GenBank TM accession number NM_000602) 5Ј-AAT CAG ACG GCA GCA CTG TC-3Ј (forward primer) and 5Ј-CTT TCC AGT GGC TGA TGA GC-3Ј (reverse primer) resulting in a fragment of 219 bp; COL1A1 (GenBank TM accession number NM_000088.3) 5Ј-CAG CCG CTT CAC CTA CAG-3Ј (forward primer) and 5Ј-AAT CAC TGT CTT GCC CCA GG-3Ј (reverse primer) resulting in a fragment of 72 bp; COL1A2 (GenBank TM accession number NM_000089) 5Ј-AGC AAC ATG CCA ATC TTT ACA AGA G-3Ј (forward primer) and 5Ј-ATC ATA CTG AGC AGC AAA GTT CCC-3Ј (reverse primer) resulting in a fragment of 190 bp; CTGF (GenBank TM accession number NM_001901) 5Ј-AAT GAC AAC GCC TCC TGC AG-3Ј (forward primer) and 5Ј-GCA GCC AGA AAG CTC AAA CTT G-3Ј (reverse primer) resulting in a fragment of 153 bp, TIMP1 (GenBank TM accession number NM_003254) 5Ј-TAC TTC CAC AGG TCC CAC AAC C-3Ј (forward primer) and 5Ј-CAT TCC TCA CAG CCA ACA GTG TAG-3Ј (reverse primer) resulting in a fragment of 167 bp; and HAS2 (GenBank accession number NM_005328) 5Ј-GGA CGA CTT TAT GAC CAA GAG CTG-3Ј (forward primer) and 5Ј-TGT GAT TCC AAG GAG GAG AGA GAC-3Ј (reverse primer) resulting in a fragment of 110 bp. Reactions were carried out in an ABI-Prism 7000 sequence detector supplied with SDS 2.1 software (Applied Biosystems) in duplicate using the following conditions: an initial activation step consisted of 2 min at 50°C, an single denaturation step consisted of 15 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C, and a final cycle of 15 s at 95°C, 15 s at 60°C, and 15 s at 95°C. Levels of gene expression in each sample were quantified using the 2 Ϫ⌬⌬CT method (after validation assays for each gene primer set) as described by Livak and Schmittgen (23) , using GAPDH gene expression as endogenous control for GAPDH primers as follows: 5Ј-TGC ACC ACC AAC TGC TTA GC-3Ј and 5Ј-GGC ATG GAC TGT GGT CAT GAG-3Ј. For each condition, the ground condition was set as 1. Expression of each gene was assessed by three independent PCR analyses. Significance of the data were determined by the Student's t test.
Determination of Procollagen I C-terminal PeptideAmounts of procollagen I C-terminal peptide as a marker for procollagen I secretion were determined by a commercially available ELISA (Takara, Shiga, Japan). HDF were seeded into 12-well tissue culture plates at a density of 250,000 cells per well. Confluent HDF were then serum-starved for 2 days and subsequently stimulated with forskolin or Bt 2 cAMP, TGF-␤, or both agents in the presence of 50 g/ml ascorbate. Culture supernatants were harvested after 48 h, centrifuged, and frozen at Ϫ70°C until use. Statistical evaluation from triplicate wells was performed using the Student's t test.
Western Blotting-Subconfluent HDF were placed in fresh medium containing 1% FCS for 12-24 h before stimulation with various agents. The cells were washed with cold phosphate-buffered saline and lysed by addition of SDS lysis buffer (100 mM Tris-HCl (pH 6.8), 1% SDS, 0.1 M dithiothreitol, 0,1 mM orthovanadate) followed by boiling for 5 min. Proteins (50 g/lane) were separated on 10 or 12% SDS-polyacrylamide gels and transferred to nitrocellulose Hybond ECL ϩ (Amersham Biosciences). After blocking with 5% nonfat dry milk in 20 mM Tris (pH 7.6), 137 mM NaCl, and 0.1% Tween 20 for 1 h at room temperature, filters were incubated with either polyclonal antitype I collagen (1:1000 dilution, Southern Biotech, Birmingham, AL), monoclonal C9 anti-PAI-1 (1:200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA), anti-phospho-Smad3 (Ser-33/435) (1:1000, Calbiochem-Novabiochem), antiSmad2/3 (1:500, BD Transduction Laboratories), anti-phospho-ERK1/ERK2 (Thr-202/Tyr-204) (1:1000, Cell Signaling Technology, Beverly, MA), monoclonal anti-tubulin (1:1000, Oncogene, San Diego), or monoclonal anti-actin (1:5000 dilution, Sigma) antibodies in blocking solution overnight at 4°C. After three washes in 20 mM Tris (pH 7.6), 137 mM NaCl, 0.1% Tween 20, membranes were incubated with species-specific (anti-rabbit or anti-mouse) IgG-horseradish peroxidase-conjugated antibodies (1:5000 dilution) (Santa Cruz Biotechnology) in blocking solution for 1 h at room temperature. Membranes were then washed, and detection of immunoreactive proteins was performed with the ECL ϩ Plus chemiluminescent reagent according to the manufacturer's instructions (Amersham Biosciences). In some experiments, densitometric analysis was performed using the ImageQuant 5.0 software from GE Healthcare. All Western blots were repeated three times.
Immunofluorescence-HDF seeded into eight-well tissue chambers (Lab-Tek, Nalge Nunc International, Naperville, IL) were fixed with methanol for 30 min at Ϫ20°C. Nonspecific binding was blocked with 5% goat/donkey serum for 1 h at room temperature. Endogenous Smad2/3 content was detected by incubation for 2 h at room temperature with a monoclonal anti-Smad2/3 antibody (1:250, BD Transduction Laboratories, Palo Alto, CA). After washing, bound antibodies were visualized by secondary rabbit anti-mouse IgG antibodies conjugated with Texas Red (1:800, Dianova, Hamburg, Germany). After three final washes, slides were counterstained with 4Ј,6-diamidino-2-phenylindole to visualize cell nuclei. After mounting, specimens were examined with a fluorescence microscope (Axioskop2, Zeiss, Germany) equipped with a digital camera. For negative controls, whole mouse serum was used instead of the primary antibody, or the primary antibody was omitted.
Collagen Matrix Contraction-NIH3T3 and HDF were harvested from monolayer culture with 0.25% trypsin and 1 mM EDTA, and then trypsin was neutralized with 1% FCS-containing medium. Collagen lattices in 60-mm dishes were prepared with 7 ml of a mixture containing 10 6 fibroblasts and 1 mg/ml native type I collagen (Biocoat TM , BD Biosciences) in medium supplemented with 1% FCS. When needed, forskolin, Bt 2 cAMP, and/or TGF-␤ were added to the mixture before polymerization of the collagen matrix. Polymerization of collagen matrices required 60 min at 37°C. To initiate lattice contraction, freshly polymerized matrices were released from the underlying culture dish with a few gentle taps on the dish. The gels were then incubated at 37°C in a 5% CO 2 atmosphere and photographed after 1-6 days, and the area of each gel was calculated using imaging software analysis. Data are expressed as the percentage of area compared with the original gel size.
Cell Migration Assays-A modified "scratch" migration assay was used for the assessment of the migration of fibroblasts as described previously for studying keratinocyte cell migration (24) . HDF were seeded into 12-well tissue culture plates at a density of 200,000 cells per well and cultured until 95% confluent. A migration gap of ϳ0.8 mm was then created by introducing a scratch to the adherent layer of cultured cells using a sterile Gilson 200-l pipette tip. The scratch was administered by hand using a sufficiently applied degree of pressure to remove adherent cells from the polystyrene substrate but not enough to cause physical damage to the polystyrene surface. The repeated nature of this procedure resulted in a cell-free gap of ϳ0.8 mm between two adjoining areas of fibroblasts at 90 -95% confluence (see corresponding figures). At this point, cell culture medium was replaced two times with fresh medium to reduce the number of cells introduced into suspension reattaching to the cell-free zone during experimentation. Dishes were then incubated with Bt 2 cAMP, forskolin, or TGF-␤ (alone or in combination) for 24 -72 h in a 95% air, 5% CO 2 environment. Migration of the cells from the two regions of 90 -95% adherent culture density into the cell-free zone was observed at a 24-, 48-, and 72-h time period and recorded by microscopy (Zeiss Axiovert 100, equipped with a digital camera).
Determination of Hyaluronan Secretion-The hyaluronan in fibroblast culture supernatants amounts was determined using an ELISA (Corgenix, Peterborough, UK) according to the manufacturer's instructions (sample dilution 1:10). ELISA readings were measured at an extinction of 450 nm with SynergyHT Reader and analyzed using the KC4-Pro Software (both Biotek, Bad Friedichshall, Germany).
In Silico Promoter Analysis-For bioinformatic analyses, the Genomatix software package (Genomatix Software, München, Germany) was used. Proximal promoter sequences (2 kb upstream and 0.2 kb downstream of the transcriptional start sites) were extracted with help of the ElDorado module (release 4.6). Identification of CREB and Smad3 transcription factorbinding sites in the sets of sequences was performed by using the MatInspector module of the Genomatix data base, which employed the Matrix Family Library version 7.1 (June 2008) (25) . All analyses were conducted with high threshold values (core similarity 1.0, matrix similarity Ͼ 0.9).
RESULTS

CRE-dependent Response in HDF-
We first analyzed the immediate consequences of increased intracellular cAMP levels by treating HDF with forskolin, a well established artificial activator of adenylate cyclase and an inducer of increased cAMP levels in these cells (26) . As shown in Fig. 1A , exposure of HDF to exogenous forskolin resulted in rapid phosphorylation of CREB at serine 133, consistent with previous results obtained in HaCaT keratinocytes (20) . Similarly, the membrane-permeable cAMP analog Bt 2 cAMP led to a comparable extent of CREB phosphorylation. Co-incubation with forskolin plus Bt 2 cAMP did not have an additive effect on CREB phosphorylation suggesting already maximal activation of cAMP-activated CREB kinases, e.g. PKA, by each individual stimulus. The ability of forskolin to activate cAMP-dependent gene transactivation in HDF was verified in experiments using pCRE-luc, a reporter construct consisting of three CREs cloned upstream of the SV40 promoter, driving the expression of the luciferase gene. As shown in Fig. 1B , forskolin efficiently transactivated the CRE-dependent construct, 12-16-fold above unstimulated control values (Fig. 1B) . Together, these results demonstrate the functionality of the cAMP-PKA-CREB cascade in HDF and warrant further investigation into the interference of cAMPelevating agents with TGF-␤-mediated signaling in our experimental system.
Activation of Adenylate Cyclase Attenuates TGF-␤-induced Collagen and CTGF Synthesis by HDF in
Vitro-Next, we examined the effect of increased cAMP levels on collagen expression and secretion. TGF-␤, a prototypical inducer of collagen synthesis, was used in all experiments. HDF were stimulated with forskolin, TGF-␤, or both agents for 24 h. The relative mRNA steady-state levels for the ␣1 and ␣2 chains of collagen type I (alleles COL1A1 and COL1A2, respectively) were subsequently determined by quantitative real time PCR. TGF-␤ significantly increased the mRNA levels of collagen type I (␣1 and ␣2) compared with nontreated cells (Fig. 1, C and D) . The observed rate of increase in the amount of these collagens by TGF-␤ was in accordance with earlier reports (27) . Forskolin suppressed the levels of collagen type I ␣1 as compared with FIGURE 1. Forskolin elicits a CRE-dependent response in HDF and suppresses collagen synthesis by HDF in vitro. A, subconfluent HDF were stimulated with forskolin (20 M), Bt 2 cAMP (db-cAMP) (1 mM), forskolin plus Bt 2 cAMP or were left untreated (Ϫ). After 30 min, cells were lysed and samples processed for Western immunoblotting with specific antibodies for phosphoSer-133-CREB and ␣-tubulin. B, subconfluent HDF were transfected with pCRE-luc in medium supplemented with 1% FCS. 16 h after transfection, forskolin (20 M) was added, and incubations were continued for 6 h after which reporter gene activity was determined. C and D, subconfluent HDF were left untreated or were stimulated with forskolin (20 M) in the presence (ϩ) or absence (Ϫ) of TGF-␤ (10 ng/ml). Twenty four h later, collagen type I ␣1 and ␣2 mRNA levels were analyzed by real time PCR. E, confluent HDF were stimulated with TGF-␤, forskolin, both substances, or were left untreated for 24 h in a medium containing 1% FCS. Type I collagen expression was examined by Western immunoblotting of whole-cell lysates (100 g/lane) (top). Specificity of the modulation and identical protein loading was confirmed with an anti-␤-actin antibody (lower panel). Densitometric analysis of the total collagen type I protein expression was performed (upper panel). F, confluent HDF were stimulated for 48 h with the indicated agents at concentrations described above. Immunoreactive amounts of PICP present in the culture media were determined by ELISA. G, after stimulation of HDF with the indicated agents for 24 h, CTGF mRNA levels were analyzed by real time PCR. cells stimulated with TGF-␤ alone almost back to basal levels (Fig. 1C , p Ͻ 0.01). Likewise, forskolin repressed TGF-␤-induced COL1A2 expression as compared with cells stimulated with TGF-␤ alone (Fig. 1D , p Ͻ 0.01). Forskolin alone did not have any significant effect on the relative levels of COL1A1 and COL1A2 mRNAs (Fig. 1, C and D) .
To further confirm the modulatory effect of forskolin on TGF-␤-induced collagen synthesis, we performed Western immunoblot analysis of whole-cell lysates using an anti-type I collagen antibody. In accordance with the antagonistic effect of forskolin on collagen type I RNA expression, the intracellular amounts of type I collagen production in response to TGF-␤ were lower in the presence of forskolin, although actin levels remained unchanged throughout the experiments (Fig. 1E) .
To investigate whether the effect of increased intracellular cAMP levels on collagen synthesis translates into the amount of secreted collagen, we determined the amount of procollagen I C-terminal peptide (PICP) in the culture media of HDF stimulated with forskolin, TGF-␤, or both agents. The addition of TGF-␤ led to a substantial increase of PICP in the culture medium (Fig. 1F ). In accordance with the modulatory effect of forskolin on TGF-␤-induced collagen expression at RNA and the protein level, we found significantly reduced amounts of PICP secreted by HDF (Fig. 1F) . Unexpectedly, forskolin alone appeared to increase the amount of secreted PICP as compared with untreated controls. This effect may be attributable to an extracellular mechanism in regulation of collagen synthesis, e.g. reduced extracellular proteolytic degradation by cAMP-regulated membrane-bound proteinases (28) .
Next, we determined the effect of increased cAMP levels on another TGF-␤ target gene, CTGF. Previously, it was reported that CTGF is regulated in a Smad-dependent fashion and as a downstream modulator of several profibrotic TGF-␤ effects (29 -32) . In HDF, TGF-␤ stimulation dramatically enhanced mRNA levels of CTGF, although a combined incubation with forskolin led to an expression level comparable with untreated HDF (Fig. 1G) .
Together, these data demonstrate that increased cAMP levels have significant effects on TGF-␤-induced type I collagen synthesis. Forskolin acts as a repressor of TGF-␤-mediated COL1A1/2 expression, subsequently leading to decreased intracellular and secreted amounts of collagen type I. This modulatory effect might in part be mediated by CTGF, as CTGF inhibition is reported to suppress excessive collagen deposition in various in vitro and in vivo models (11, 29, 30, 33) .
Activation of Adenylate Cyclase Prevents TGF-␤-induced Gene Expression of Proteinase
Inhibitors-To further extend the observed antagonistic effect of increased cAMP levels on TGF-␤-induced gene regulation, we investigated those encoding the proteinase inhibitors PAI-1 and TIMP1, two well known modulators of ECM deposition (34, 35) . Both genes have been shown previously to be regulated in response to TGF-␤ stringently in a Smad-dependent manner (10, 36 -38) . As a first approach, HDF were transiently transfected with reporter construct p800-luc, which consists of 800 bp of the human PAI-1 promoter driving the expression of the luciferase gene (19) . As shown in Fig. 2A , TGF-␤ enhanced p800-luc activity 7-9-fold above control levels. Addition of forskolin completely abolished the TGF-␤ response and also had a slight effect on basal PAI-1 promoter activity.
To further substantiate the relevance of such findings obtained with the promoter reporter construct in transient cell transfection experiments, we examined whether endogenous PAI-1 expression followed the same pattern of regulation. The effect of forskolin on TGF-␤-induced PAI-1 gene expression was therefore examined. As shown in Fig. 2B , real time PCR of total RNA samples revealed up-regulation of up to 6-fold by TGF-␤ that was strongly suppressed by forskolin or Bt 2 cAMP. Both treatments alone almost completely abolished basal PAI-1 expression. Glyceraldehyde-3-phosphate dehydrogenase mRNA steady-state levels were unaffected confirming the specificity of PAI-1 regulation. These suppressive effects on basal PAI-1 expression may reflect the constant Smad3/4 activation in this cell type even in the absence of exogenous TGF-␤. In another set of experiments, PAI-1 production was assessed by Western immunoblotting. HDF were incubated for 48 h with TGF-␤ in the absence or presence forskolin or Bt 2 cAMP. Again, TGF-␤ strongly elevated PAI-1 production by HDF, but this effect was efficiently blocked by forskolin and Bt 2 cAMP. In accordance with the above real time PCR results, cAMP inducers blocked basal PAI-1 protein production, although ␤-actin levels were not altered by any of the treatments, indicating specificity of basal gene regulation in HDF (Fig. 2C) .
Similar to PAI-1, up-regulation of TIMP1 by TGF-␤ was totally suppressed by forskolin or Bt 2 cAMP. Of note, neither forskolin nor Bt 2 cAMP treatment alone had an impact on basal TIMP1 expression (Fig. 2D) .
cAMP-elevating Agents Antagonize TGF-␤-driven Smad3/4-dependent Gene Expression-To gain insight into the mechanism of the interference between increased cAMP levels and TGF-␤-mediated gene expression, we checked if intracellular cAMP levels affect TGF-␤-driven transactivation of (CAGA) 9 luc, an artificial Smad3/4-specific reporter construct (10) . TGF-␤ efficiently transactivated (CAGA) 9 -luc in HDF co-transfected (Fig. 3A, left panel) with empty vector-transfected controls up to 20-fold above control values. A 30-min preincubation of cultured HDF with forskolin resulted in an almost complete inhibition of TGF-␤-induced Smad3/4-specific transactivation of (CAGA) 9 -luc. To prove that inhibition of TGF-␤-induced Smad by forskolin is due to specific activation of adenylate cyclase and subsequently increased intracellular cAMP levels, we utilized the membrane-permeable cAMP analog Bt 2 cAMP. HDF, transiently transfected with (CAGA) 9 luc, were stimulated with Bt 2 cAMP in presence or absence of TGF-␤. Bt 2 cAMP treatment effectively suppressed TGF-␤-induced Smad3/4-dependent (CAGA) 9 -luc gene transactivation, strongly supporting the concept that cAMP plays a pivotal role in the demonstrated TGF-␤-opposing phenomenon.
We subsequently tried to determine whether increased cAMP levels are able to directly compete with the downstream effectors of TGF-␤-induced gene transcription. For this purpose, an expression vector for Smad3 was co-transfected together with (CAGA) 9 -luc before stimulation of HDF with TGF-␤, in the absence or presence of either forskolin or Bt 2 cAMP. As shown in Fig. 3A (right panel) , overexpression of Smad3 resulted already in a significant amplification of (CAGA) 9 -luc activity as compared with empty vector-transfected controls (left panel). Treatment of Smad3-co-transfected HDF with TGF-␤ led to more than a 2-3-fold increase of CAGA-luc activity (resulting in a up to 60-fold activity) as compared with CMVe-transfected, TGF-␤-treated controls. On the contrary, forskolin-or Bt 2 cAMP-treated, Smad3-co-transfected HDF exhibited only marginally Smad-dependent gene transactivation upon TGF-␤ stimulation, and Smad3-induced basal (CAGA) 9 -luc was almost completely abolished by either agent.
cAMP Does Not Affect Smad Protein Phosphorylation and Nuclear Translocation in Response to TGF-␤-To gain more insight into the molecular mechanism underlying the inhibitory activity of the cAMP pathway against T␤RI-initiated Smad signaling, we determined the levels of phospho-Smad3 in HDF treated with forskolin or Bt 2 cAMP in the presence or absence of TGF-␤. Results presented in Fig. 3B confirmed the absence of phosphorylated Smad3 in nonstimulated HDF. TGF-␤ strongly induced phosphorylation of TGF-␤ receptor-associated Smad3. Co-incubation with neither forskolin nor Bt 2 cAMP affected Smad3 phosphorylation in the presence of TGF-␤.
Next, we examined whether forskolin or Bt 2 cAMP interferes with the translocation of Smad proteins induced by TGF-␤. To this purpose, HDF were pretreated or not with forskolin or Bt 2 cAMP before TGF-␤ was added for 30 min. An antibody directed against Smad2/ Smad3, the specific substrates for activated T␤RI, was used to determine their cellular localization (Fig.  3C ). Slides were counterstained with 4Ј,6-diamidino-2-phenylindole to localize cell nuclei precisely. As shown in Fig. 3C , upper left panel, a weak and diffuse signal specific for Smad2/3 was present in both the cytoplasm and nuclei in the unstimulated HDF (left panel). Coincubation with neither forskolin nor Bt 2 cAMP caused any significant change in the staining pattern. TGF-␤ induced a rapid and complete nuclear translocation of all Smad2/3-specific immunoreactivity (right panel), which was not affected by co-incubation with forskolin or Bt 2 cAMP otherwise sufficient to interfere with Smaddependent transcription (Fig. 3C) .
Interestingly, in cardiac fibroblasts, cAMP-elevating agents, i.e. isoproterenol, blocked profibrotic effects of TGF-␤, i.e. collagen expression, largely through inhibiting ERK1/2 phosphorylation (39). However, in HDF, neither TGF-␤ nor increased cAMP levels had any impact on basal ERK1/2 phosphorylation (data not shown).
CBP/p300 Squelching Is Central to the Interference of the cAMP Cascade with Smad Signaling-The role for CBP/p300 as essential co-activators for Smad-driven gene expression has been well documented (21, 40, 41) . Competition for CBP/p300 has also been suggested to mediate some examples of signalinduced transcriptional repression (42) (43) (44) .
To determine whether the cAMP pathway interferes with Smad3-CBP interactions, we used a method based on the mammalian two-hybrid system (Fig. 4A) . HDF were transfected with Interaction results in transcription of the firefly luciferase (luc) reporter gene. B, subconfluent HDF cultures were transfected with G5E1b-luc and Gal4-Smad3 and with VP16-empty or with VP16-CBP. 24 h later, TGF-␤ (5 ng/ml) was added where indicated, following (ϩ) or not (Ϫ) a 30-min preincubation with Bt 2 cAMP (db-cAMP) (500 M). G5E1b-luc activity was determined 16 h later. C, subconfluent HDF were transfected with (CAGA) 9 -luc, together with either empty pcDNA or p300 expression vector. 24 h later, Bt 2 cAMP (500 M) was added, and incubations were continued for another 16 h in the absence (Ϫ) or presence (ϩ) of TGF-␤ (5 ng/ml) before reporter gene activity was determined. Results, presented as relative promoter activity, are means Ϯ S.D. of three experiments performed each on duplicate samples.
domain-CBP (VP-CBP) fusion expression vector. As shown in Fig. 4B , Gal4-Smad3 transactivated G5E1b-luc in the presence of TGF-␤, representative of the transactivation property of phosphorylated Smad3. Co-expression of VP-CBP together with Gal4-Smad3 strongly enhanced luciferase activity, representative of Smad3-CBP interaction. The latter was efficiently abolished by exogenously added Bt 2 cAMP, suggesting that activation of the cAMP/CREB pathway affects the association of Smad3 with the transcriptional co-activators CBP/p300.
Because the amount of CBP/p300 is limiting within the cell nucleus (45), formation of CREB-p300 complexes may reduce the amount of co-activators available to Smad3 for optimal transcription. If this scenario is correct, then overexpression of p300 should overcome the inhibitory effect of cAMP on TGF-␤/Smad3 activation of the (CAGA) 9 -luc construct. To test this hypothesis, we measured the effect of p300 overexpression on Bt 2 cAMP inhibition of (CAGA) 9 -luc transactivation by TGF-␤. As shown in Fig. 4C , p300 overexpression not only prevented but reversed the inhibitory effect of Bt 2 cAMP, thereby indicating that CBP/p300 is a critical player in the interference of cAMP with the Smad pathway. It should also be noted that p300 overexpression resulted in increased (CAGA) 9 -luc activity in response to TGF-␤ stimulation, a result that is consistent with the concept of limited availability of p300, and confirms the role of p300 as a Smad3 co-activator (21, 40, 41) .
From the data presented above, it appears that elevation of intracellular cAMP directly affects the interaction of Smad3 with its transcriptional co-activators CBP and p300. This effect is probably due to p300/CBP squelching from Smad complexes by CREB, resulting in the blockade of Smad-specific transcription.
Synthetic cAMP Significantly Abolishes Smad-dependent Contraction of Collagen Gels by Fibroblasts-To study the physiological relevance of the above findings, we next utilized an in vitro wound contraction model. This bioassay utilizes NIH3T3 fibroblasts embedded in type I collagen and has been used as an in vitro model for ECM remodeling and cell motility (reviewed in Ref. 46) . Recent data indicate that Smad3 is critical in TGF-␤-mediated augmentation of fibroblast-mediated collagen gel contraction, whereas ERK and p38 MAPK pathways do not appear to be involved in this process (47, 48) . As shown in Fig. 5, A, left panel, and B, upper panel, NIH3T3 cells in the absence of any stimulus readily contracted the collagen gel within 6 days to ϳ50% the size as compared with gels without cells. TGF-␤ drastically accelerated gel contraction. Within 24 h after separation of the gel from the wells, the total area of the free floating, mechanically unloaded gels declined to 30% of the original lattice size, and finally reached less than 10% of the original gel size within 6 days. Co-incubation with Bt 2 cAMP or forskolin (data not shown) completely abolished spontaneous contraction of collagen gels by NIH3T3 fibroblasts. Moreover, TGF-␤-mediated enhancement of the contractile activity was strongly blocked by the cAMP-inducing agents. These results demonstrate that increased intracellular cAMP levels completely neutralize the capacity of unstimulated or TGF-␤-treated fibroblasts to contract collagen gels. Comparable results could be obtained with HDF; however, rapid spontaneous contraction of collagen gels by HDF was, in our hands, much more pronounced than by NIH3T3 fibroblasts (data not shown).
Increased Intracellular cAMP Levels Inhibit Fibroblast Migration in an in Vitro Wound Model-We then investigated the effect of increased cAMP levels on fibroblast motility. In a modified scratch migration assay, HDF migrated into the wound area and completely closed it within 72 h (Fig. 6A) . On the other hand, in the presence of forskolin, the wound remained open within the recorded time period of 72 h (Fig.  6A) . Quantification of the wound closure over time revealed a significant inhibitory effect of forskolin on fibroblast motility (Fig. 6B) . Because TGF-␤ is a known activator of fibroblast motility (49), we tried to determine whether TGF-␤ would be able to accelerate fibroblast migration in the absence or presence of forskolin. However, when HDF cells were treated with TGF-␤, no significant difference in migration within the wound was observed as compared with untreated cultures (Fig. 6, A  and B) . In addition, in TGF-␤-and forskolin-treated fibroblasts, no statistically significant difference in migration within the wound area could be detected as compared with Bt 2 cAMPtreated cultures alone (Fig. 6, A and B) , indicating that TGF-␤ cannot overcome the impairment in motility induced by increased intracellular cAMP levels.
cAMP Does Not Antagonize but Synergizes with TGF-␤ to Enhance
Hyaluronan Synthesis-To investigate the specificity of the antagonistic effect of increased cAMP levels on TGF-␤-mediated effects in HDF, we finally investigated the impact of Bt 2 cAMP on TGF-␤-mediated synthesis of hyaluronan (HA), another prominent constituent of the ECM. HA is a nonsulfated acidic carbohydrate consisting of repeating disaccharide units. It is synthesized by three HA synthase isoforms (HAS1-3), located at the inner surface of the cell membrane. TGF-␤ is known as a potent inducer of HA synthesis in synovial and lung fibroblast (50, 51) . For this purpose, HDF were stimulated with TGF-␤, Bt 2 cAMP, TGF-␤ plus Bt 2 cAMP, or were left untreated. As shown in Fig.  7A , TGF-␤ alone did not increase HAS2 mRNA levels, although treatment of HDF with Bt 2 cAMP resulted in a 3-fold increase of HAS2 mRNA levels as shown by real time PCR. However, the effect of Bt 2 cAMP on the relative levels of HAS2 mRNA was significantly enhanced when TGF-␤ and Bt 2 cAMP were co-incubated (Fig.  7A) . To confirm the synergistic or additive effects of TGF-␤ and cAMP, we measured HA synthesis. HDF were incubated for 48 h as outlined above, and HA in supernatants was subsequently determined by ELISA. TGF-␤ and Bt 2 cAMP alone had weak but reproducible up-regulating effects on HA synthesis. However, TGF-␤ and Bt 2 cAMP acted synergistically on secreted HA levels compared with cells treated with each stimulus alone (Fig. 7B) .
Comparative Regulatory Sequence Analysis of cAMP Differentially Regulated ECM Genes-We hypothesized that ECM genes exhibiting a common regulatory behavior upon cAMP stimulation, i.e. up-regulation, may also share common regulatory mechanisms such as the presence or absence of certain transcription factor-binding sites in their promoter regions. To identify these possible cAMP-responsive elements presumably over-represented in the HAS2 gene, we utilized the web-based Genomatix bioinformatics software (25) . As expected, Smad-binding elements were identified in all ECM genes (PAI-1, COL1A1, COL1A2, CTGF, TIMP1, and HAS2) that were evaluated (p Ͻ 0.0001). The MatInspector tool detected three CREB DNA-binding sites along with seven puta- tive Smad3-binding sites in the HAS2 promoter only (Fig. 7C) . One region of potential interest in the HAS2 promoter, which contains a Smad3-binding site and a CREB site within 10 bp of each other, is also highlighted in Fig. 7C . Noteworthy, functional CREB-binding sites were recently characterized within the human HAS2 gene (52) .
In summary, these data demonstrate that cAMP differentially regulates important components of the ECM. Although cAMP most likely via activated CREB antagonize the anabolic effects of TGF-␤ on ECM deposition and wound contraction, TGF-␤ and cAMP have additive effects on HAS2 expression and HA secretion presumably by a promoter-mediated mechanism.
DISCUSSION
In this study, we have evaluated the in vitro effects of increased intracellular cAMP levels on various key effector functions of fibroblasts. Our data demonstrate that elevation of intracellular cAMP by artificial stimulators such as the fungal drug forskolin or Bt 2 cAMP has multidirectional functional consequences, either stimulatory or inhibitory, on Smad-dependent genes, on collagen synthesis and contraction, production of HA, and fibroblast migration. In particular, our data provide profound evidence for a functional interaction between the cAMP/CREB and TGF-␤ signaling pathway in HDF.
The biological relevance of our findings is supported by the fact that several physiological mediators and hormones, such as the pro-opiomelanocortin-derived peptide ␣-melanocytestimulating hormone (␣-MSH), catecholamines, or prostaglandins, can bind to fibroblasts via specific receptors and subsequently activate adenylate cyclase. For example, we showed that human dermal fibroblastic cells have the full enzyme machinery and capacity to generate pro-opiomelanocortin peptides (53, 54) . These cells also express the melanocortin-1 receptor, a small G-protein-coupled receptor with seven transmembrane domains, whose engagement with ␣-MSH leads to increased cAMP levels in human dermal fibroblasts (26, 54) . Treatment of the cells with ␣-MSH significantly attenuated TGF-␤-mediated collagen synthesis in vitro and as well as in a mouse model of dermal fibrosis induced by repetitive injection of high amounts of TGF-␤ (26). Thus, the antagonistic effect of ␣-MSH on TGF-␤-mediated collagen synthesis is in accordance with the herein observed suppressive action of forskolin on TGF-␤-induced collagen type I protein expression and PICP secretion. However, in HDF ␣-MSH did not have any robust effect on TGF-␤-induced collagen transcription and acted at the post-transcriptional level. The reason for these distinct differences in the effect of the natural cAMP inducer ␣-MSH and the synthetic drug forskolin with regard to suppression of collagen synthesis remains unknown but may be related to the relative levels of cAMP induced by each agent. Moreover, ␣-MSH has been shown to affect simultaneously a diversity of signal transduction pathways (55) , which may be differentially regulated by forskolin. Interestingly, in human embryo lung fibroblasts (IMR90) expressing the EP2 receptor, prostaglandin E 2 as well as the synthetic analog 11-deoxyprostaglandin E 1 also had profound inhibitory actions on basal and TGF-␤-induced collagen mRNA levels (56) .
The reduction in the relative RNA levels of collagen type I after co-treatment with TGF-␤ and natural or artificial intracellular cAMP inducers suggested to us interference with the classical signal transduction pathway of TGF-␤ as the potential molecular mechanism of the observed cAMP effect. In fact, our reporter-promoter assays employing the (CAGA) 9 -luc construct revealed significantly reduced transactivation by Smad3/ FIGURE 7. TGF-␤ potentiates cAMP-mediated up-regulation of HAS2 mRNA and HA. A, subconfluent HDF were stimulated with Bt 2 cAMP (dbcAMP) (1 mM) in the presence (ϩ) or absence (Ϫ) of TGF-␤ (10 ng/ml), in a medium supplemented with 1% FCS. 24 h later, HAS2 mRNA levels were detected by real time PCR. One representative experiment out of three is shown. B, subconfluent HDF were treated with TGF-␤ (10 ng/ml) and Bt 2 cAMP (1 mM) for 48 h in medium containing 1% FCS. After incubations, total HA levels were detected by a commercially available ELISA. Values represent means Ϯ S.D. of at least three independent experiments. C, computational analysis of the regulatory elements of HAS2. CREB-and Smad3-binding sites were identified by scanning the 5Ј promoter region of the HAS2 gene with MatInspector. Each block represents a match; white blocks are CREB sites; gray blocks are Smad3 sites. The number on the axis refer to bases 5Ј upstream from transcription start sites.
4 after co-incubation with Bt 2 cAMP and TGF-␤. The negative impact of increased intracellular levels of cAMP on Smad-dependent gene expression is further supported by the robust effect on PAI-1, a bona fide Smad3/4-dependent gene. Both forskolin and Bt 2 cAMP abrogated RNA and protein expression of PAI-1 and PAI-1 promoter activity induced by TGF-␤. The impact of forskolin on the basal levels of PAI-1 synthesis does not rule out the Smad3/4 specificity of this effect, but rather it may reflect a constant Smad3/4 activation in this cell type even in the absence of exogenous TGF-␤ (57, 58).
Our results provide definitive evidence that cAMP-elevating agents interfere with TGF-␤-specific Smad3/4-dependent gene expression via reduction of Smad3-CBP/p300 interactions and potential sequestration of the transcriptional co-activators CBP/p300 by phosphorylated CREB. Recently, it has been shown that not only prevention of CBP/p300 recruitment but also p300-mediated histone H4 hyperacetylation on TGF-␤-responsive promoters, e.g. COL1A2, were responsible for such a mechanism (43) . Although it is plausible that the suppressive effect of artificial or natural cAMP inducers on TGF-␤-mediated collagen synthesis is mediated via squelching of the above transcription factors, it should be noted that transcriptional regulation of COL1A1, COL1A2, and COL3A1 sensu strictu is in part independent of Smad proteins as shown by SP1 antisense approaches and mutational analysis of Sp1 sites (GC box) within the promoter regions of such genes (59, 60) . Therefore, the molecular mechanism by which elevated cAMP levels suppress TGF-␤-induced collagen synthesis still requires further elucidation. One potential alternative mechanism may reside in transcriptional repression of CTGF. Knockdown of CTGF abolishes collagen deposition in various in vitro and in vivo models (11, 29, 30, 33) . We showed that TGF-␤-stimulated CTGF expression is completely abolished by incubation with forskolin. In turn, cAMP-mediated low CTGF levels may block collagen type I expression in HDF. Therefore, the modulatory effects on collagen expression might in part be mediated by CTGF (30, 32) .
Our bioassays evaluating gel contraction and fibroblast migration as in vitro models for wound closure could further substantiate the functional interference between the TGF-␤ and the cAMP-CREB pathway. In both assays, Bt 2 cAMP robustly blocked TGF-␤-induced collagen gel contraction and cell migration. Previously, it has been shown that collagen gel contraction in Smad3 knock-out mice fibroblasts is not affected by TGF-␤ stimulation (47) . Moreover, in HDF-overexpressing Smad3, collagen contraction induced by TGF-␤ is enhanced, whereas Smad7 overexpression leads to attenuation of TGF-␤-induced collagen gel contraction (48, 61) . These findings collectively suggest that increased intracellular cAMP levels, apparently by squelching transcription factors of the CBP/p300 family, interfere with Smad-dependent collagen gel induced by TGF-␤. On the other hand, it is worth mentioning that increased intracellular cAMP per se may affect contraction of collagen as shown by studies with ␤-adrenoreceptor agonists and antagonists on HDF (62) . Accordingly, isoproterenol delayed gel contraction of collagen, and this effect was neutralized by ␤-adrenoreceptor-specific pharmacological blockade, indicating that the ␤-adrenoreceptor alone mediates the delay. With regard to the observed suppression of TGF-␤-induced migration of HDF cells by Bt 2 cAMP, the mechanism by which increased cAMP levels affect this process remains unknown. Several studies suggested a link between cAMP-dependent PKA activation and cellular migration (63) (64) (65) . Moreover, the effects of cAMP-dependent PKA activation on migration appear to be cell type-specific. Whereas in the majority of cell types PKA activation inhibits cell migration, PKA activation accelerates the migration of bronchial epithelial cells during wound repair by reducing the levels of active Rho and the formation of focal adhesion (66) . On the other hand, it was recently reported that even in fibroblastic cells ␤-adrenoreceptor-mediated signaling had an Src-dependent promigratory effect (62) . This is in contrast to our results in which we found a strong inhibitory effect of Bt 2 cAMP on HDF cell migration. Another possibility explaining the different effects of natural and artificial cAMP inducers might be that low levels of increased PKA activity are stimulatory for migration, although higher levels are inhibitory (67, 68) . This hypothesis is consistent with findings that dominant negative PKA-expressing cells show reduced stimulation of migration in response to epidermal growth factor/platelet-derived growth factor or serum (69) . Indeed, very recent findings revealed that elevated cAMP activates cdc42 via p21-activated kinases in a PKA-dependent manner (70, 71) ; activated cdc42, a GTPase similar to Rac, is believed to play an important role in regulating actin dynamics and cell adhesion during migration (72) .
Finally, it was of interest to investigate if the so-far observed consequences of increased intracellular cAMP levels induced by artificial stimulators would globally act in an antagonistic manner toward TGF-␤-mediated effects. As exemplified by analysis of HAS2 mRNA expression and HA protein levels, this was clearly not the case. Bt 2 cAMP synergistically enhanced expression of both HAS2 mRNA and HA protein when coincubated with TGF-␤. Although it is well established that artificial cAMP stimulators can stimulate HA synthesis in various cell types (73) (74) (75) , we are unaware of any studies addressing the combinatory effect of these agents with TGF-␤. Computational analysis of the regulatory elements of HAS2 identified three CREB-and seven Smad-binding sites within the 5Ј promoter region. These data suggest that CREB cooperates with TGF-␤-induced downstream signals, i.e. Smad3/4 complexes, on the transcriptional level in promoters with cAMP-and TGF-␤-response elements. As it has been shown that Smad and CREB do not interact in a direct way (20, 76) , CBP/p300 may be the coactivator that mediates the synergy between CREB and Smad3. Such functional cooperation between Smad and CREB family members has been shown for the TGF-␤-inducible germ line Ig␣ constant region gene (76) . Moreover, this hypothesis is consistent with the fact that cooperative association between CREB-and bone morphogenetic protein-regulated Smads, i.e. Smad1/5, has been shown for the Smad6 promoter containing an 11-bp Smad binding region and an adjacent putative CRE site (77) . Fig. 8 is a diagram illustrating the findings reported in this study. Accordingly, TGF-␤-and cAMP-inducing agents, e.g. hormones, cooperatively regulate ECM genes and functions. Although the majority of the investigated ECM genes are negatively regulated by the activated cAMP/CREB pathway, it seems that some TGF-␤-responsive genes that contain additional CRE elements within their 5Ј-regulatory region, like HAS2, are synergistically activated in a promoter-specific manner. Further studies of the effects of CBP/p300 and other transcription co-activators on the synergistic Smad-and CREB-dependent transcription from the HAS2 promoter should contribute to our understanding of the complex mechanism of transcriptional regulation by increased cAMP levels and TGF-␤.
